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Abstract : Safety concerns are being raised, such as thermal runaway, which occurs for various reasons in lithium-ion
batteries(LIB) of electric vehicles. Such thermal runaway can occur due to a short circuit between the anode and cathode
caused by damage to the separator of the battery cell during a vehicle collision. To prevent this, it is vital to secure the
structural reliability of the battery module and pack. However, the increased weight of the battery pack due to structural
reinforcement can affect the battery electric vehicle’s energy efficiency and driving performance. This study conducted finite
element analysis(FEA)-based crash analysis was performed on the car body and battery pack under frontal crash and side
pole crash test conditions. Topology optimization was performed based on stress and strain data generated in battery cells and
modules due to frontal collisions. In addition, the battery pack optimal design based on the Global Response Search
Method(GRSM) was performed using the thickness of the pack body, pack cover, and cooling plate as design variables.
Through this, the optimal lightweight design of the battery module and pack was derived.

Key words : Battery module(HH EJ2] ), Battery pack(W]E]2] ), Finite element analysis(-f- 3+ .28 A1), Frontal crash
(AW55), Side pole crash(S5H & 55

Nomenclature x3 : design variable for cooling plate thickness
Fy : force in Y-axis direction (N) a; : coefficient of calculation pack body mass
oyy :stress component in the Y-axis direction on a plane az : coefficient of calculation pack cover mass
perpendicular to the Y-axis (MPa) as : coefficient of calculation cooling plate mass
E : young’s modulus (MPa)
e L.LME2
Oy  :y-axis direction displacement (mm) =
Ix : x-axis direction length of element (mm) 4 A E(EU: European Union)ol| 4] 20501 =¥ = &
ly : y-axis direction length of element (mm) A AR E Adstr] g Heks FaEskl o, A
z : z-axis direction length of element (mm) 1 3H(UN: United Nations)©l| 4]+= ESG(Environmental Social
x| : design variable for pack body thickness Governance) A 3& 53 6714 HAFA L2S 53
X : design variable for pack cover thickness 71930] Akglel A= JEF-E Hrte] 98 7S
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Fig. 1 Components of the battery pack
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Table 1 Material properties of battery pack components

Densi Elastic Poi R
ensi oisson’s
Component Material ty3 modulus R
[ton/mm”] ratio
[MPa]
Wall & Pole Rigid - - -
h
Crashbody | ¢ 1 | 780E9 | 210,000 03
frame
Pack body Steel 7.89 E-9 210,000 0.3
Pack cover | AL6061 2.7E-9 68,000 0.33
Cooling plate Steel 7.89 E-9 210,000 0.3
End-plate Steel 7.89 E-9 210,000 0.3
Plasti
Cell-case B 112E9 | 2,600 0.35
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Fig. 2 Velocity boundary conditions for FEA crash analysis
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Fig. 10 Load boundary condition in battery module static
analysis
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(c) Module end-plate (back)
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Fig. 12 Module end-plate and cell-case of the initial battery
module

(a) Before topology optimization (b) After topology optimization

Fig. 13 Topology optimization result of battery module
(using Altair Inspire)
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Table 3 Case study of battery module redesign based on
topology optimization

Case of Von-Mises Von-Mises stress | Mass of
module stress of plate of cell module
design [MPa] [MPa] [ke]
(a) Initial 249.3 37.16 22.20
(b) Case-1 551.2 233 20.38
(c) Case-2 435.7 28.2 19.25
(d) Case-3 409 93.6 17.92
(e) Case-4 560.7 28.5 18.98
(f) Case-5 426.5 40.9 18.77
(g) Case-6 370.3 33.43 18.89
(h) Case-7 387.8 20.97 18.96
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Fig. 16 Scatter plot of maximum von-mises stress and mass
in the lightweight design of a battery module
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view)
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Table 4 Battery pack parts and design variables for optimal

design
Lower limit Upper limit
Bat:;rt};n]izfl;:;gi for of thickness ofilljlickness Level
[mm] [mm]
Pack body (xi) 5 10 3
Pack cover (x2) 5 10 3
Cooling plate (x3) 1 3 3

Pack cover
shell thickness (x;) — Pack body

shell thickness (x,)

Cooling plate
shell thickness (x;)

|

Fig. 18 Settings for variable and response measurement
(using Altaitr Hyperstudy)
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Table 5 Result of first optimization

Thickness | Thickness | Thickness | Mass of | Feasible

No. | ofpack of pack | of cooling | pack or
body [mm] | cover [mm] | plate [mm] | [ton] | violated
1 10 10 3 1.1699 | Feasible
2 5 5 1 0.7352 | Violated
3 7.5 10 1 0.9393 | Violated
4 10 5 2 1.0885 | Feasible
5 5 7.5 3 0.8297 | Violated
23 5 7.5 1 0.7580 | Violated
24 10 10 1 1.0981 | Violated
25 5 5 3 0.8071 | Violated
26 7.5 10 2 0.9753 | Violated
27 7.5 10 3 1.0112 | Violated

Table 6 Range of battery pack parts design variables for
second optimal design

Battery pack parts for Lower limit of Upper limit of
optimal design thickness [mm] | thickness [mm]
Pack body 8 10
Pack cover 2.5 6
Cooling plate 1 2.5

Table 7 Result of second optimization

Pack body |Pack cover| Cooling Pack mass Feasible
No. thick thick | plate thick [ton] . or

[mm] [mm] [mm] violated

4 10 5 2) 1.0885 | Feasible
70 | 9.4618 4.1498 2.1909 1.0533 | Feasible
71 9.2012 5.0647 1.5727 1.0229 | Violated
72 | 9.1313 2.5001 2.3000 1.0214 | Violated
73 9.2029 5.0680 1.5714 1.0229 | Violated
74 | 8.6330 3.8810 2.4765 1.0086 | Violated
75 8.7514 5.9194 2.4357 1.0334 | Feasible
76 | 9.2012 5.0937 1.5762 1.0235 | Violated
77 | 9.0589 2.5722 2.4319 1.0222 | Feasible
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Fig. 19 Plotting the results of optimization 1 and 2
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Fig. 20 Change in pack mass according to iteration
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Fig. 21 Change in thicknesses according to iteration
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(2) Von-mises stress in battery cell of the Case-7 module design

Fig. 22 Comparison of von-mises stress between the initial
module & initial pack design and Case-7 module &
Case-77 pack design

Fig. 23 Maximum deformation in side pole crash for design
model applying Case-7 module and Case-77 pack
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Table 8 Comparison of the mass of the pack and the
maximum stress in the cell between the initial and

optimal designs
Mass of pack Maximum stress
[ton] in cell [MPa]
D Initial module & 123 2154
Case-1 pack
-7 I
(@ Case-7 module & 104 03
Case-77 pack
Percentage of reduction,
15.8 71.1
(D-@YD[ %]
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(c) Before crash of simulation  (b) After crash of simulation

Fig. 24 Frontal crash test of vehicle model from company T**

(b) After crash of real test

(a) Before crash of real test

Fig. 25 Side pole crash test of vehicle model from company T*®
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